Purpose: Protein levels and activity of the hypoxia-inducible transcription factors HIF-1 and HIF-2 are controlled by hydroxylation of the regulatory alpha chains. Proline hydroxylases (PHDs) target the protein for degradation via the von-Hippel-Lindau (VHL)-ubiquitin-ligase complex, and asparagine hydroxylation by Factor Inhibiting HIF (FIH) leads to transcriptional inactivation. In cell-free systems, these enzymes require ascorbate as a cofactor, and this is also inferred to be an intracellular requirement for effective hydroxylation. However, how intracellular concentrations of ascorbate affect hydroxylase activity is unknown. In this study, we investigated the modulation of the regulatory hydroxylases in cancer cells by intracellular ascorbate. Materials and methods: To facilitate this investigation, we used clear cell renal carcinoma cell lines that were VHL-proficient (Caki-1), with a normal hypoxic response, or VHLdefective (Caki-2 and 786-0), with uncontrolled accumulation of HIF-α chains. We monitored the effect of intracellular ascorbate on the hypoxia-induced accumulation of HIF-1α, HIF-2α and the expression of downstream HIF targets BNIP3, cyclin D1 and GLUT1. Changes in hydroxylation of the HIF-1α protein in response to ascorbate were also investigated in 786-0 cells gene-modified to express full-length HIF-1α (786-HIF1). Results: In VHL-proficient cells, hypoxia induced accumulation of HIF-1α and BNIP3 which was dampened in mild hypoxia by elevated intracellular ascorbate. Increased HIF-2α accumulation occurred only under severe hypoxia and this was not modified by ascorbate availability. In VHL-defective cells, ascorbate supplementation induced additional accumulation of HIF under hypoxic conditions and HIF pathway proteins were unchanged by oxygen supply. In 786-HIF1 cells, levels of hydroxylated HIF-1α were elevated in response to increasing intracellular ascorbate levels. Conclusion: Our data provide evidence that the hypoxic pathway can be modulated by increasing HIF hydroxylase activity via intracellular ascorbate availability. In VHL-defective cells, accumulation of HIF-alpha proteins is independent of hydroxylation and is unaffected by intracellular ascorbate levels.
Introduction
Solid tumors frequently contain hypoxic areas due to poor vascularization or formation of dysfunctional blood vessels that result in inadequate tissue oxygenation. 1 Adaptation of cells to these conditions of limited oxygen supply is mediated via the pro-survival transcription factors hypoxia-inducible factors (HIF-1 and HIF-2) by regulating the expression of hundreds of genes involved in cellular metabolism, cell life and death pathways, glycolysis and angiogenesis. As a result, the HIFs promote tumor growth, adaptation to the microenvironment and resistance to chemo-and radio-therapy. 2 HIF-binding controls not only gene transcription but also modifies nucleosome organization. 49 HIF-1 and HIF-2 regulate common and unique sets of genes, and although they share a consensus enhancer, each bind discreet sequences across the genome. 50 For example, both isoforms upregulate vascular endothelial growth factor (VEGF-A) and glucose transporter 1 (GLUT1), whereas HIF-1 mainly controls glyceraldehyde-3-phosphate dehydrogenase, carbonic anhydrase 9 and Bcl2/ adenovirus E1B 19 kDa interacting protein 3 (BNIP3), and HIF-2 controls erythropoietin, cyclin D1 and matrix metalloproteinase 1 46, 29 . HIFs consist of regulatory α-subunits (HIF-1α, HIF-2α and HIF-3α) and a constitutively expressed HIF-1β subunit. Under physiological conditions, protein levels and the transcriptional activity of HIFs are tightly regulated by post-translational modification of the α-subunit by hydroxylase enzymes belonging to the family of ironand 2-oxoglutarate-dependent dioxygenases. 3, 4 Hydroxylation of two prolines (P402 and P564 of HIF-1α, P405 and P531 of HIF-2α) by proline hydroxylases (PHDs) targets the protein for proteasomal degradation via the von-Hippel-Lindau (VHL)-ubiquitin-ligase complex, and asparagine hydroxylation (N803 of HIF-1α, N847 of HIF-2α) by factor inhibiting HIF (FIH) leads to its transcriptional inactivation. [5] [6] [7] Both PHD and FIH enzymes require ascorbate as a cofactor, and absence of ascorbate leads to increased HIF activation. [8] [9] [10] Previous investigations by us, and others, have indicated an association between tissue ascorbate levels and activation of the HIFs. This has been observed in tumor tissue from patients with endometrial, colorectal, thyroid and papillary cell renal cell carcinoma with these studies showing an inverse association between tissue ascorbate and markers of activation of the HIF pathway. [11] [12] [13] [14] Whereas these studies are suggestive of an impact of ascorbate on tumor hypoxia responses, to date, the impact of ascorbate on hydroxylation of HIF-1α has only been directly investigated in cell-free systems. Using recombinant proteins, Jaakkola et al demonstrated that PHDs rely on ascorbate for full activity for the hydroxylation of P564. 15 Adding ascorbate (2 mM) to the reaction mix increased the interaction between a HIF-1α fusion protein and VHL in a capture assay, indicating increased hydroxylation. Subsequently, the dependence of both PHD2 and FIH on ascorbate was investigated in reactions with different short HIF-1α peptides each containing one of the three hydroxylation sites (P402, P564 or N803) using matrix-assisted laser desorption ionization-time of flight mass spectrometry. 16 Ascorbate (4 mM) was able to enhance both the rate and extent of hydroxylation, with a bigger impact on PHD2 than on FIH. 16 This stimulatory effect was specific to ascorbate, and was not able to be substituted by other reducing agents such as glutathione. 16 Interestingly, intracellular ascorbate levels in vivo are known to be maintained in the mM range by active uptake via the sodium-dependent vitamin C co-transporters (SVCTs). [17] [18] [19] It is unknown whether these concentrations are required for effective activity of the intracellular hydroxylases or whether there is a minimum threshold for optimal regulation. We have investigated this relationship with the full-length protein in live, intact cells. Clear cell renal cell carcinoma (ccRCC) is a serious urological malignancy that harbors alterations in the VHL tumor suppressor gene leading to uncontrolled accumulation of HIF. 20 Human ccRCC cell lines are available with different VHL mutation status, and these are valuable for investigating the involvement of VHL in the HIF response to ascorbate. Our recent clinical and in vitro data (mild hypoxia with high dose ascorbate 14 ) suggested a VHL-dependent regulation of HIF-pathway activity by ascorbate. To test the hypothesis that increasing levels of intracellular ascorbate contribute to increasing activity of the HIF hydroxylases, we measured the stabilization of HIF-1α and HIF-2α, as well as the downstream target protein expression of both HIF-1 and HIF-2 in ccRCC cells with VHL-proficient or VHL-deficient status under a range of physiological concentrations of oxygen and ascorbate. In addition, we have directly monitored the hydroxylation of full-length HIF-1α in response to changes in intracellular ascorbate content in whole cells.
Materials and methods

Cell lines
The human ccRCC cell lines Caki-1 (HTB-46), Caki-2 (HTB-47) and 786-0 were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA), and used at early passages (<20). Caki-1 and Caki-2 cells were maintained in McCoy's 5A (modified) medium and 786-0 cells in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% Antibiotic-Antimycotic solution (all from Life Technologies, Carlsbad, CA, USA) at a temperature of 37°C, a relative humidity of 95% and an atmosphere containing 5% CO 2 Sodium-butyrate (7 mM) was added after 24 hrs and supernatants containing lentivirus particles were harvested 72 hrs post-transfection and stored at −80°C. 786-0 were transduced with lentivirus stock for 6 hrs, and selection with Zeocin (0.5 μg/ml, Thermo Fisher Scientific, Waltham, MA, USA) was started 72 hrs post-transduction. Zeocin-resistant clones were selected over 16 days and tested for HIF-1α protein using Western blot analysis (described below). Transduced 786-0 clones were maintained in 0.5 μg/ml Zeocin, and the clone used in this study was named 786-HIF1. 
Ascorbate uptake
Ascorbate analysis
Ascorbate content of cell lysates was measured by HPLC in reversed phase separation mode coupled to an electrochemical detector (Thermo Fisher Scientific, Waltham, MA, USA). The system consisted of an Ultimate 3000 HPLC unit with an Ultimate 3000 ECD-3000RS electrochemical detector and a Model 6011RS coulometric cell (guard cell =300 mV; analytical electrode =200 mV; sensitivity =20 μA). The autosampler was maintained at 4°C and the column oven at 30°C. The mobile phase (80 mM sodium acetate, 0.54 mM DTPA, 0.017% n-octylamine) run at constant 1.2 mL/min and 20 μL of sample was injected. A standard curve ranging from 1.25 to 20 μM ascorbate was prepared fresh each time using sodium-L-ascorbate diluted in 77 mM perchloric acid with 25 mM DTPA.
Western blot analysis
Proteins (20 μg/well) were separated on 4-12% Bis-Tris Plus SDS gels and transferred to 0.45 μm polyvinylidene difluoride membranes. The same positive control (20 µg protein of 1% O 2 hypoxia-treated T24 cell lysate) was run on each gel to normalize signals between the blots. Following transfer, membranes were cut into strips to identify the HIF pathway proteins simultaneously (examples of original Western blots are shown in Figure S1 ). Membranes were incubated overnight at 4°C with primary antibodies against HIF-1α (1/800, BD Biosciences, SanJose, CA, USA, BD610958), hydroxy-HIF-1α (Pro564) (1/1000, Cell Signaling, Danvers, MA, USA, 3434), HIF-2α (1/400, R&D Systems, Minneapolis, MN, USA, AF2997), BNIP3 (1/1000, R&D Systems, AF4147), cyclin D1 (1/10,000, Abcam, Cambridge, UK, ab134175), GLUT1 (1/1000; Abcam, ab32551) or ß-actin (1/10,000, Sigma-Aldrich, Auckland, NZ, A5316), and for 1 hr at room temperature with secondary anti-goat, anti-mouse or anti-rabbit horseradish peroxidase-conjugated antibodies (1/5000, DAKO, Mulgrave, Australia) as appropriate. Protein bands were detected using the ECL Prime Western Blotting Detection Reagent (GE Healthcare, Chicago, USA) and the Alliance 4.7 imaging system, and quantified with ImageJ software.
Statistical analyses
Data analysis was performed in GraphPad Prism 5.
Differences between treatment conditions were tested by Oneway ANOVA with Dunnett's Multiple Comparison or Bonferroni post test. Values of p<0.05 were considered significant.
Results
Ascorbate uptake of ccRCC cell lines
Adding increasing concentrations of ascorbate to the cell culture medium of Caki-1, Caki-2 and 786-0 cells for 16 hrs resulted in a dose-dependent increase of intracellular ascorbate levels ( Figure 1A ). All three cell lines reached similar maximum levels (7.2, 6.2 and 8.5 nmol/10 6 cells, respectively). Intracellular levels of Caki-1 and Caki-2 cells appeared saturated with 500 μM ascorbate, whereas ascorbate levels in 786-0 cells continued to rise with up to 1 mM ascorbate. However, this resulted in a decrease in cell number after 16 hrs incubation, suggesting significant toxicity of ascorbate at this concentration ( Figure 1B ). The lower cell numbers were factored into the calculation of ascorbate per cell and did not affect the data in Figure 1A . Given that the addition of more than 500 μM ascorbate did not result in any further uptake of ascorbate into Caki-1 and Caki-2 cells and did cause toxicity in the 786-0 cells, we determined that these conditions were optimal for in vitro uptake, resulting in saturating intracellular ascorbate levels.
HIF pathway activation in ccRCC cell lines
Levels of HIF-1α, HIF-2α and their downstream targets were measured in the ccRCC cell lines grown under normal culture conditions (20% O 2 ) or at decreasing oxygen tensions (10, 5, 1 and 0.1% O 2 ) (Figure 2 ). In these experiments, the cells were not pre-loaded with ascorbate, and are ascorbate-deficient, as are most cells grown in tissue culture conditions. 10 A robust response to hypoxia was noted in VHL-proficient Caki-1 cells, with both HIF-1α and HIF-2α being stabilized at low oxygen tension, although sensitivity differed, with HIF-1α upregulation first noted at 10% O 2 and HIF-2α at 1% O 2 (overall p<0.001 and p<0.01, respectively; Figure 2A and B). Levels of the HIF-1 target BNIP3 were increased 3-fold at 0.1% O 2 (p<0.05; Figure 2E ). Levels of the common HIF-1 and HIF-2 target GLUT1 varied but tended to be increased at oxygen tensions of 10% and 5% (overall p=0.056, Figure 2C ). Expression of the HIF-2 target cyclin D1 did not correlate with HIF-2α stabilization and was elevated at 10% oxygen and reduced at 0.1% (overall p<0.01; Figure 2D ).
In the VHL-defective Caki-2 cell line, HIF-1α was constitutively expressed at ambient culture conditions and was not induced with decreasing oxygen tensions ( Figure 2F ). Correspondingly, levels of GLUT1 and BNIP3 were highly variable and generally not responsive to changes in O 2 availability (Figure 2H-J) . GLUT1 was decreased at 1% oxygen and below (overall p<0.05), and BNIP3 tended to be reduced at 5% (overall p=0.053). HIF-2α was not detected in this cell line ( Figure 2G ) and there was no change in cyclin D1 expression at different oxygen tensions ( Figure 2I ).
VHL-defective 786-0 cells showed constitutive stabilization of HIF-2α at 20% oxygen and this was not changed with decreasing oxygen supply ( Figure 2L ). As expected, 6 HIF-1α was not detected ( Figure 2K ). Expression of GLUT1 and cyclin D1 remained unchanged ( Figure 2M and N), and BNIP3 was undetectable in this cell line ( Figure 2O ).
The effect of ascorbate on the HIF pathway in ccRCC cell lines
To determine the effect of intracellular ascorbate availability on hypoxia-induced HIF pathway protein levels, ccRCC cells were pre-loaded with different doses of ascorbate for 16 hrs under ambient culture conditions and were then subjected to decreasing oxygen tensions (Figure 3-5 ; densitometry data shown in Figure 6 ). Ascorbate was available in the medium throughout the incubation. In VHL-proficient Caki-1 cells, ascorbate was able to reduce levels of HIF-1α compared to depleted cells at oxygen tensions of 10% in a dose-dependent manner (p<0.001), with a similar trend at 5% O 2 ( Figure 3 , Figure 6A ). BNIP3 showed a similar reduction, and this was significant under mild hypoxia (5% O 2 ; p<0.01; Figure 3 , Figure 6E ). Expression of HIF-2α, which only increased at ≤1% O 2 , was not changed by the addition of ascorbate. Levels of GLUT1 and cyclin D1 remained unchanged by ascorbate (Figure 3) .
In VHL-deficient Caki-2 cells, protein levels of HIF-1α were elevated with increasing ascorbate loading under lowered oxygen tensions (Figure 4 ). This effect was most prominent Figure 3 Effect of ascorbate on HIF pathway protein levels at different oxygen tensions in Caki-1 cells. Cells were pre-loaded with increasing concentrations of ascorbate (0-1000 μM) for 16 hrs and then subjected to reduced oxygenation conditions. Shown are representative Western blots for HIF-1α, HIF-2α, GLUT1, cyclin D1 and BNIP3 from one of three independent experiments. β-actin was used as a loading control. Protein levels of HIF-1α and BNIP3 were decreased by ascorbate treatment under mild hypoxia (1-10% O 2 ). Other proteins were not affected. Abbreviations: HIF-1α/2α, hypoxia-inducible factor-1α/2α; GLUT1, glucose transporter 1; BNIP3, Bcl2/adenovirus E1B 19 kDa interacting protein 3.
under severe hypoxia (0.1% O 2 ; p<0.001; Figure 6F ). The downstream targets GLUT1, cyclin D1 and BNIP3 were unaffected by ascorbate under all tested conditions (Figure 4) . In 786-0 cells, protein levels of HIF-2α, GLUT1 and cyclin D1 were variable and were unchanged by ascorbate supplementation ( Figure 5 , Figure 6J -K). Effect of ascorbate on HIF pathway protein levels at different oxygen tensions in Caki-2 cells. Cells were pre-loaded with increasing concentrations of ascorbate (0-1000 μM) for 16 hrs and then subjected to reduced oxygenation conditions. Shown are representative Western blots for HIF-1α, GLUT1, cyclin D1 and BNIP3 from one of three independent experiments. β-actin was used as a loading control. Protein levels of HIF-1α were increased after ascorbate treatment at 1% and 0.1% O2. Expression of all HIF targets was unchanged. Abbreviations: HIF-1α/2α, hypoxia-inducible factor-1α/2α; GLUT1, glucose transporter 1; BNIP3, Bcl2/adenovirus E1B 19 kDa interacting protein 3. Effect of ascorbate on HIF pathway protein levels at different oxygen tensions in 786-0 cells. Cells were pre-loaded with increasing concentrations of ascorbate (0-1000 μM) for 16 hrs and then subjected to reduced oxygenation conditions. Shown are representative Western blots for HIF-1α, HIF-2α, GLUT1, cyclin D1 and BNIP3 from one of three independent experiments. β-actin was used as a loading control. There was no consistent difference of protein levels after ascorbate treatment under any condition.
Abbreviations: HIF-1α/2α, hypoxia-inducible factor-1α/2α; GLUT1, glucose transporter 1; BNIP3, Bcl2/adenovirus E1B 19 kDa interacting protein 3.
HIF-1α
ND HIF-2α Relative GLUT1 levels Relative GLUT1 levels Relative GLUT1 levels As observed during ascorbate uptake studies (Figure 1B) , high concentrations of ascorbate (1 mM) induce cellular toxicity in vitro, and may therefore have lead to additional changes in protein levels at this high dose (Figures 3-6 ).
Ascorbate increases Pro564 hydroxylation of HIF-1α in 786-HIF1 cells
To assess the effect of intracellular ascorbate on HIF-1α hydroxylation, the VHL-deficient 786-0 cells were genetically modified to express wild type HIF-1α, generating the 786-HIF1 clone. Robust HIF-1α protein expression was evident during ambient culture conditions in early passage 786-HIF1 cells grown under antibiotic selection (Zeocin at 0.5 μg/mL) (P4; Figure 7A ). When compared with parental 786-0 cells, 786-HIF1 cells had a reduced cell growth rate after three and four days of culture (p<0.0001 and p<0.0001, respectively; Figure 7B ). Over time in culture, 786-HIF1 cells increased their growth rate, approaching growth rates of parental 786-0 cells (P5 and P6; Figure 7B ). This was accompanied by a loss of HIF-1α expression over time in culture, despite continued antibiotic resistance ( Figure 7A ).
786-HIF1 cells were loaded with 500 μM ascorbate and compared to no ascorbate, along with VHL-proficient Caki-1 cells that express HIF-1α, and whole cell lysates were analyzed with antibodies specific for hydroxylated P564 using Western blotting ( Figure 7C ). Hydroxylated HIF-1α was only detected in 786-HIF1 cells, and levels were significantly increased in cells incubated with ascorbate compared to ascorbate-deficient cells ( Figure 7D ). Total HIF-1α levels were slightly reduced by 500 μM ascorbate, indicating VHLindependent downregulation of HIF-1α. Hydroxylated-HIF -1α was not detected in parental 786-0 cells that do not express HIF-1α, nor in Caki-1 cells under ambient conditions and hypoxia (1% O 2 ; Figure 7C ). In Caki-1 cells, hydroxylated-HIF-1α is, of course, undetectable as it is degraded upon generation.
To measure whether HIF-hydroxylation is responsive to a physiological range of ascorbate concentrations, 786-HIF1 cells were loaded overnight with ascorbate ranging from 50 μM to 500 μM. Western blot analysis indicated an increase of hydroxylated-HIF-1α at P564 compared to total HIF-1 α protein across ascorbate doses ( Figure 7E ), although differences between groups were not significant (1-way ANOVA with Bonferroni post-test). Relative hydroxyl-HIF-1α levels started increasing with 50 μM ascorbate (21% increase at 0.7 nmol ascorbate/10 6 cells) and treatment with 100 μM ascorbate (81% increase at 1.7 nmol ascorbate/10 6 cells) induced a 1.8 fold change compared to deficient cells ( Figure 7F ). Doses of 250-1000 μM ascorbate (72%, 71% and 59% increase at 2.4, 3.8 and 9.4 nmol ascorbate/10 6 cells, respectively) did not further increase hydroxylation of P564 ( Figure 7F ).
Discussion
This study was designed to clarify the mechanism of the modulatory effect of ascorbate on the HIF pathway and to determine whether this occurs via modulating the activity of the regulatory hydroxylases. Ascorbate is effectively taken up by ccRCC cells in culture and was able to reduce the stabilization of HIF-1α and the transcriptional activity of HIF-1 at physiological concentrations, but only in cells with a functional VHL tumor suppressor protein. Elevated levels of hydroxylated HIF-1α were observed in response to increasing intracellular ascorbate, directly demonstrating, for the first time, that ascorbate modulates intracellular proline hydroxylase function in living cells.
In ccRCC cells with a functional VHL protein (Caki-1 cells), HIF-1α and HIF-2α were both undetectable at ambient conditions (20% O 2 ) and stabilized under reduced oxygen, consistent with a functional hypoxic response; HIF-1α was stabilized under very mild hypoxic conditions (≤10% O 2 ) and HIF-2α under more stringent hypoxia (≤1% O 2 ). This differential response to hypoxia by the two HIF isoforms adds important new information about HIF-2α regulation, as previous in vitro studies only compared ambient oxygen conditions to severe hypoxia (0.1-0.4%).
21,27,28 HIF-1 is thought to govern acute adaptation to hypoxia, whereas HIF-2 acts during chronic hypoxia, although the exact mechanisms for this are unclear. 29 In contrast, the VHL-defective cell lines (Caki-2 and 786-0), expected to have a dysregulated hypoxic response with constant pseudohypoxic stabilization of HIF-α, 27 showed constitutive HIF-1α and HIF-2α expression under all oxygenation conditions. Increased transcriptional activity of HIF-1 under hypoxia was evident via induction of BNIP3 in Caki-1 cells, as expected. However, GLUT1 showed no clear hypoxic induction and cyclin D1 was decreased with upregulation of both HIF isoforms. This may indicate a suppressive activity by HIFs in this VHL-proficient cell line, although deregulation by factors other than HIF cannot be excluded. Indeed, Raval et al proposed that cyclin D1 was only responsive to HIF in a VHL-defective setting, but not in a VHL-proficient setting. 21 In future, other HIF-2 responsive target genes, such as . 786-HIF1 cells were treated with 50 μM-1 mM ascorbate and cell lysates subjected to Western blot for the detection of HIF-1α and hydroxy-HIF-1α (P564) (E). Relative hydroxy-HIF-1α (P564) levels (normalized to total HIF-1α levels) were increased after ascorbate treatment, as determined by densitometry analysis (F). Data shown as mean +SD from three independent experiments. Statistical significance compared to control condition was assessed by 1-way ANOVA with Bonferroni post test.* p<0.05, ** p<0.01, *** p<0.001. Abbreviations: HIF-1α, hypoxia-inducible factor-1α; P, passage number.
of the proteins analyzed. Our data support the concept that the hypoxic response in ccRCC cells is complex and differs from other cancer types. 30 Further analyses using gene expression studies may shed light on this complexity, although changes in mRNA levels often do not correlate with changes in protein levels. 55, 56 Reporter gene studies have previously demonstrated ascorbate-modulated HIF activity 18 in non-ccRCC cancer cells, and may be informative in ccRCC cells. Saturation of intracellular ascorbate was achieved with addition of 500 μM ascorbate to the cell culture medium of Caki-1 and Caki-2 cells, with 786-0 cell levels increasing further with 1 mM of ascorbate. However, the addition of 1 mM levels of ascorbate to tissue culture media is known to be cytotoxic, potentially due to formation of cytotoxic levels of H 2 O 2 , [31] [32] [33] and our data also suggest toxicity against the 786-0 cells at this concentration. Similar in vitro conditions achieved intracellular ascorbate concentrations of 1.3-2 mM in a number of cancer cell lines, 18 and this coincides with the physiological range of most tissues. [34] [35] [36] We did not estimate the intracellular volume of the ccRCC cells and therefore do not have the intracellular concentrations, but the amount of ascorbate per cell is in agreement with most other measures acquired from cells in vitro. 10, 18, 34, 35 It is likely that intracellular levels in an in vivo setting are quite variable, as they are completely dependent on plasma supply (Levine papers cited above) and we have also noted a wide range of levels in tumor and normal tissues. When we recently measured ascorbate levels in ccRCC tumors, we found a range of 0.9-89.1 mg/ 100 g renal tumor tissue. 14 These results and similar distributions in endometrial and colorectal tumors indicate a great degree of heterogeneity in human cancer cells. The conditions required to achieve optimal intracellular concentrations in vitro appear to vary from those likely to be found in vivo. When 50 μM ascorbate was added to the culture medium, reflecting average plasma levels, 17, 37 intracellular concentrations remained low and were readily increased when concentrations in the medium reached 500 μM. We have assumed that these levels are saturating and better reflect optimal uptake in vivo, where there is a constant supply of reduced ascorbate in plasma and 100 uM plasma levels are proposed to result in tissue saturation. 38 The intracellular concentrations reached in our cell culture conditions also indicate that at least 250 uM is required to achieve mM intracellular levels. In cells with a functional VHL, ascorbate was able to dampen hypoxia induction of HIF-1α, suggesting that ascorbate acts by supporting the function of PHDs. Ascorbate had no effect on stabilization of HIF-1α at ≤1% O 2 , as expected, 18, 39 as PHDs have an absolute requirement for oxygen as substrate, 40 which cannot be overcome by additional ascorbate. Protein levels of HIF-2α were not affected by ascorbate, and as these were only increased under ≤1% O 2 , it is unclear whether ascorbate plays any role in regulating HIF-2α levels. With the exception of BNIP3 levels under 5% O 2 , target gene levels remained unchanged, indicating that ascorbate was not able to modify transactivation activity of HIF. Functional studies and in vitro experiments with other cell types have shown that FIH was more susceptible to ascorbate deprivation than PHD, and elevating ascorbate levels was able to increase FIH activity independent of HIF stability. 16, 18, 41 This was not apparent in ccRCC cells in this study. It is unclear why addition of ascorbate to the cell culture medium resulted in an apparent increase in expression of HIF-1α in Caki-1 and Caki-2 cells, and HIF-2α in 786-0 cells under severe hypoxia. This observation has not been reported before, and may reflect other hydroxylaseindependent pathways that regulate HIF levels under these conditions in ccRCC cells. Ascorbate is a co-factor for many 2-OG-dependent dioxygenases (>60 different enzymes currently known 42 ), including enzymes involved in epigenetic regulation such as the ten-eleven translocation (TET) DNA demethylases and the Jumonji domain containing protein (JMJD) histone demethylases 43, 44 . It has been shown both in vitro and in patients samples that hypoxia increases DNA methylation by reducing TET activity, 57 and increased intracellular ascorbate might be able to rescue TET activity. The interplay between TET and transcription factors is complex and not independent; indeed, binding of transcription factors is both necessary and sufficient to reduce methylation of a promoter. 58 Therefore, increased TET activity together with this interplay may explain the stimulatory effects we observed in ccRCC cells. We observed an increase in hydroxylation of HIF-1α at P564 in 786-HIF1 cells treated with ascorbate. This is the first time that this causative relationship was demonstrated in live, intact cells expressing full-length HIF-1α. Our data support results in cell-free systems showing that ascorbate is a vital cofactor for regulatory HIF hydroxylases. 9, 15 It further supports findings of an association between ascorbate and the hypoxic response in human colon, endometrial, thyroid and papillary RCC tumors. [11] [12] [13] [14] In full length HIF-1α, P564 is hydroxylated prior to P402 based on their conformational position within the protein, and it also influences hydroxylation of P402. 45 This makes P564 a good representative target to monitor the effect of ascorbate on the activity of PHD in cancer cells. Supplementation with 100 μM ascorbate resulted in the highest induction of hydroxylation, although cells are not saturated at this dose. We conclude from this that maintaining physiological tissue ascorbate levels is able to preserve HIF pathway regulation. 786-0 cells have lost HIF-1α expression, 6 and thus have previously been modified to express HIF-1α to investigate the differential roles of HIF-1 and HIF-2, and to study the interaction of HIF with its hydroxylases. 21, [46] [47] [48] In our study, 786-HIF 1 cells grew significantly slower than parental cells. Raval et al has previously shown that introduction of HIF-1α into 786-0 cells resulted in downregulation of HIF-2α and its downstream target cyclin D1, 21 and although we did not test this, this could explain the decreased growth rate in our transfected cell line. In contrast to our data, Raval et al did not report a difference in cell growth in vitro of HIF-1α-transduced 786-0 cells, but showed reduced tumor growth in mouse xenografts compared to empty vector control tumors that only express HIF-2α. 21 Together, these data indicate a growth disadvantage of forced HIF expression in VHL-defective ccRCC cells, which might explain the progressive loss of HIF-1α expression in 786-HIF1 cells over time in culture.
Conclusion
The results from this study are consistent with the hypothesis that ascorbate controls the hypoxic pathway through its function as a cofactor for the HIF regulatory hydroxylases, as ascorbate could prevent stabilization of HIF-α in VHL-proficient ccRCC cells, but not in VHL-defective cells. On the contrary, in VHL-deficient cells under hypoxic conditions, ascorbate aided in accumulation of HIF-α, indicating additional functions of ascorbate in these ccRCC cells. Elevating intracellular ascorbate levels increased hydroxylation of HIF-1α on P564, confirming that PHDs rely on ascorbate for full activity to hydroxylate HIF-1α, and this finding reinforces the need for maintaining sufficient intracellular levels of ascorbate for the regulation of HIF pathway activity.
